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In this work we investigate the process of iron nitride (Fe-N) phase formation using 2 at.% Al or
2 at.% Ti as additives. The samples were prepared with a magnetron sputtering technique using
different amount of nitrogen during the deposition process. The nitrogen partial pressure (RN2)
was varied between 0-50% (rest Argon) and the targets of pure Fe, [Fe+Ti] and [Fe+Al] were
sputtered. The addition of small amount of Ti or Al results in improved soft-magnetic properties
when sputtered using RN2≤ 10%. When RN2 is increased to 50% non-magnetic Fe-N phases are
formed. We found that iron mononitride (FeN) phases (N at.% ∼50) are formed with Al or Ti
addition at RN2=50% whereas in absence of such addition ǫ − Fe3−xN phases (N at.% ∼30) are
formed. It was found that the overall nitrogen content can be increased significantly with Al or Ti
additions. On the basis of obtained result we propose a mechanism describing formation of Fe-N
phases Al and Ti additives.
PACS numbers: 68.55.-a, 61.05.Qr, 77.84.-s,81.15.Cd
I. INTRODUCTION
Reactive sputtering of iron with nitrogen results in
nanocrystallization and amorphization of the deposited
films.1–5 This happens due to incorporation of nitrogen
atoms at the interstitial sites resulting in expansion and
distortion of bcc-Fe units cells. This essentially implies
that reactive nitrogen sputtering plays an important role
in refining the grain sizes. As the grain size decreases be-
low the ferromagnetic exchange length (∼20nm for Fe)
the averaging is done on very fine grains and magneti-
zation follow the easy direction of each individual grain.
This results in very low coercivity. Further, as the grain
size decreases, there is a significant increase in the vol-
ume fraction of grain boundaries or interfaces. There-
fore, the value of saturation magnetization is reasonably
high. A combined effect results in good soft-magnetic
properties in nanocrystalline or amorphous iron nitrides.
However, incorporation of nitrogen in iron also results
in loss of magnetization due to formation of non mag-
netic Fe-N compounds due to covalent Fe-N bonds. This
leads to magnetic anisotropy and an increase in coerciv-
ity. In addition it has been observed in magnetic Fe-N
that and nitrogen atoms tend to diffuse out even at very
low temperatures. 6–8 Therefore nanocrystalline iron ni-
trides have these intrinsic limitations in succeeding as
good soft-magnetic alloys.
Since early 1990s to recent years, various Fe-N thin
films were studied by adding a tiny amount of a third
element say X , it was observed that using such additives
the limitations of binary Fe-N can be reduced to a great
extent.9–27 The basic idea behind adding such element
X was to chose an element which has more affinity to
nitrogen than iron. When a third element X = Al, Ti,
Ta, Zr etc. is added in an appropriate amount it can be
substitutionally dissolved in to bcc-Fe unit cell.25 This
addition results in increased thermal stability of the sys-
tem as the binding energy of the system increases because
the heat of formation of X-N is less than Fe-N.15 There-
fore element X works like a trap for nitrogen diffusing
out. Although many third elements have been used in
Fe-X-N system, the choice of element X has been rather
arbitrary. For example earlier works were mainly focused
on Fe-Ta-N systems10,12,13,15,17, more recently other el-
ements e.g. Ti16,21,25,28, Al22,24, Zr20,23 and Rh18 etc.
have been used.
In this work we have chosen X = Al, Ti in Fe-X-N,
as the atomic radii arFe = 0.156nm is larger than arAl
= 0.118nm but smaller than arTi = 0.176nm.
29 There-
fore, Ti addition is expected to expand the units cell of
Fe when substitutionally dissolved whereas no such ex-
pansion is expected with Al addition. By adding similar
amount of Ti and Al i.e. 2 at.%we systematically studied
formation of Fe-N phases. The addition of small amount
of Al or Ti has been reported to increase the thermal
stability of Fe-N.16,19,30,31 It may be noted that though
the heat of formation of TiN and AlN is almost similar,32
their affinity to N is different.15 Therefore the mechanism
by which addition of element X affects formation of Fe-N
phases is not very clear. In addition, the studies with ad-
2dition of element X in Fe-X-N system have been mainly
focused to magnetic phases where small amount of reac-
tive nitrogen is used during sputtering. In the present
work we investigate for the first time the effect of Al or
Ti addition on formation of non-magnetic iron nitride
phases. Recently, non-magnetic iron mononitrides have
emerged as a promising material in spintronics applica-
tions.33–36 A controlled annealing of FeN produces the
γ′-Fe4N phase and thus provides a source of spin injec-
tion for semiconductors or diluted magnetic semiconduc-
tors37.
In our approach we have taken extreme care to deposit
a series of samples in a single sputtering run so as to
ensure identical depositions conditions. The amount of
reactive nitrogen was successively increased from 0-50%
with a step of 5%. The structure of deposited phases was
studied using x-ray diffraction. In order to measure mag-
netic moment of the samples precisely, we used polarized
neutron reflectivity. The magnetization measurements
were carried out using a SQUID magnetometer and con-
version electron Mo¨ssbauer spectroscopy.
II. EXPERIMENTAL
Thin film samples were prepared at room temperature
using a direct current magnetron sputtering (dc-MS) de-
position system. The samples were prepared simultane-
ously on Si (100) and float glass substrates. A mixture
of argon and nitrogen gases at different ratio was used to
sputter a target. The total gas flow was kept constant at
20 standard cubic centimeter per minute (sccm). The ni-
trogen partial pressure defined asRN2= PN2/(PAr+PN2)
was varied at 0, 5, 10, 15, 20, 25, 30, 35, 40 and 50%. A
base pressure of ≈ 1 × 10−7mbar was achieved prior to
deposition. During the deposition the partial pressure in
the chamber was ≈ 4 × 10−3mbar. The targets of pure
Fe, and composite targets of [Fe+Ti], and [Fe+Al] were
sputtered using a power of 50W. Before deposition the
vacuum chamber was repeatedly flushed with argon and
nitrogen gases so as to minimize the possible contamina-
tion of trapped gases inside the vacuum chamber. The
targets were pre-sputtered at least for 10minutes in order
to remove possible surface contaminations.
In order to achieve similar deposition conditions for
a set of samples i.e. sputtering of Fe, [Fe+Ti] or
[Fe+Al] targets all parameters were kept constant, ex-
cept RN2 . On a 99.95% pure target of Fe, small pieces of
99.999% pure Al or 99.99% Ti were pasted using a silver
epoxy paste. Thin films of different RN2were prepared
without exposing the deposition chamber to the atmo-
sphere. The targets were covered with a small slit of size
about 10mm and the substrate was exposed at center
of the target. After deposition at a particular RN2 , the
substrate was translated using a computer controlled lin-
ear translation stage. Once deposition of a sample at a
particular RN2 is completed, the gas flows were changed
using mass flow controllers and monitored using a resid-
Samples to be
Deposited
S
i
 (s
ub
.)
50
 m
m
Deposited 
Samples
G
la
ss
 
(s
ub
.)
10 mm
Target
12345
FIG. 1. (Colour online) Schematic representation of target
and substrate configuration used for depositing thin film sam-
ples in dc-MS deposition system.
ual gas analyzer until a stable gas ratio is obtained. Such
a procedure minimized the variation in deposition condi-
tions which might occur otherwise. A schematic diagram
of target and substrate configuration is shown in fig. 1.
A total of 10 samples were deposited at various RN2 in
a series. On a glass substrate of 250mm, Si (100) sub-
strates were mounted on position 1 to 10 (schematically
shown in fig. 1 for positions 1 to 5). The thickness of the
films was calibrated with x-ray reflectivity and by using
different deposition times it was kept at about 100 nm for
all samples prepared in this work.
The composition of deposited Fe-Ti and Fe-Al films
(prepared without nitrogen) was determined using en-
ergy dispersive x-ray analysis installed in a scanning
electron microscope. The obtained composition are
Fe0.98Ti0.02 and Fe0.98Al0.02 . The structural characteri-
zations of the samples were carried using x-ray diffraction
(XRD) using a standard x-ray diffractometer (Bruker D8
Advance) equipped with CuK-α x-rays in θ-2θ mode.
A 1-D position sensitive detector based on silicon strips
technology (Bruker LynxEye) was used. By using us-
ing such detector it was possible to obtained XRD data
with good statistics. The magnetization measurements
were carried out using a Quantum design SQUID mag-
netometer and polarized neutron reflectivity (PNR). The
PNR measurements were performed at (AMOR)38 and
NARZISS neutron reflectometers at SINQ/PSI, Switzer-
land. The Conversion electron Mo¨ssbauer spectroscopy
(CEMS) measurements were carried out at room tem-
perature using a 57Co source embedded in a rhodium
matrix. The conversion electrons were detected by a
proportional counter having continuous flow of a helium-
methane (5% methane balance helium) gas mixture.
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FIG. 2. (Colour online) X-ray diffraction pattern of iron nitride (Fe-N) thin films (a), Fe0.98Ti0.02 -N films (b) and Fe0.98Al0.02 -
N thin films (c) prepared using nitrogen partial pressure, RN2= 0–50% (rest Argon). The lattice parameter obtained from
XRD data for samples prepared for RN2= 0, 5 and 10% are plotted in (d), here solid lines are guide to eye.
III. RESULTS
A. X-ray diffraction
Fig. 2 shows the XRD pattern of Fe-N samples pre-
pared using RN2= 0-50%. The obtained structural
changes are similar as observed in an earlier work.5 Here,
samples without Al or Ti additions were essentially pre-
pared as a reference so that effect of alloying elements
can be compared precisely. However, as we use a small
slit of 10mm to control over the deposition area there are
some interesting features we observed in the XRD pat-
terns shown in fig. 2 (a) -(c). It may be noted that ni-
trogen free (RN2= 0%) sample have a bcc-α-Fe structure
with preferred orientation along (200) direction. Nor-
mally pure iron thin films are expected to align in (110)
direction. The preferred orientation along (200) direction
was caused by the small slit placed beneath the target as
shown in fig. 1. Such slit was necessary to control de-
position area so as to deposit ten samples with different
RN2 . This slit basically reduced the number of adatoms
depositing on a substrate. In this situation preferred ori-
entation may change from (110) to (200) direction as the
surface energy of (200) plane is lower than that of (110)
plane. However, when no such slit is used the large in-
4TABLE I. Average grain size of samples prepared using dif-
ferent nitrogen partial pressure.
RN2 Fe-N Fe0.98Ti0.02 -N Fe0.98Al0.02 -N
0% 9.0(0.3) 11.3(0.3) 10.3(0.3)
5% 7.8(0.2) 11(0.3) 9.6(0.3)
10% 2.4(0.3) 3.8(0.1) 4.1(0.1)
15% amorphous amorphous amorphous
flux of adatoms may give rise to some strain which results
in preferred orientation along (110) direction. Such be-
haviour with sputtering power has been observed in case
of Ti39 and with substrate biasing in case of Cr40. How-
ever, as we observe from fig. 2 (a) with reactive sput-
tering, the preferred orientation seems to change from
(200) to (110) direction. This effect is more prominent
when samples were prepared with addition of Al or Ti.
As discussed later in section IV, reactive sputtering with
nitrogen or with Al or Ti additions, the deposited films
cause strain in the Fe and in this case the strain energy
may dominate over the surface free energy.
We will first analyze the XRD pattern of samples pre-
pared without Al or Ti additions as shown in fig. 2 (a).
Here the line width of the diffracted pattern can be used
to calculate the grain size of the diffracting specimen in
the direction perpendicular to the plane of the film us-
ing Scherrer formula,41,42 t = 0.9λ/b cos θ, where t is
the grain size, b is an angular width in terms of 2θ, θ
is the Bragg angle and λ is the wavelength of the radia-
tion used. Although the boundary between nanocrys-
talline and amorphous phases may not be sharp, the
obtained grain sizes (see table I) may be used to iden-
tify the structure as nanocrystalline or amorphous. For
pure iron sample the grain size calculated using (110)
reflection is 9.0 nm which decreases slightly to 7.8 nm
when sputtered using RN2= 5%. When RN2 is increased
to 10%, the estimated grain size is about 2.4 nm there-
fore at this partial pressure it may be difficult to label
the structure as nanocrystalline or amorphous. Above
this RN2 , the peaks are broad enough to identify them
as amorphous. This amorphous phase persists up to
nitrogen partial pressure of 20% and for RN2≥ 25%,
ǫ − Fe3−xN compounds are obtained. Since the heat
of formation for ǫ − Fe3−xN phases is about (-40 to -
45 kJ mol−1 as compared with neighboring, e.g., Fe4N
(-12 kJ mol−1) or Fe2N (-34kJ mol
−1), phases.43 There-
fore from the energetics of binary iron nitrides at room
temperature it is expected that ǫ−Fe3−xN phase should
be readily formed as enough reactive nitrogen is made
available which may be the case when RN2exceeds 25%.
On the basis of amount of nitrogen partial pressure
used, the phases formed can be divided into three ranges:
(i) RN2≤ 10%, where nanocrystalline Fe-N phases are
formed (ii) RN2= 10 - 20%, where amorphous Fe-N phase
are obtained and (iii) RN2≥ 25%, where ǫ − Fe3−xN or
γ′′′-Fe-Nphases (with addition of Al or Ti) are obtained.
We will now discuss the effect of small amount of Al or
Ti in formation of iron nitrides in these three RN2ranges.
(i) Fig. 2(b) and fig. 2(c) shows the XRD pattern of
samples with addition of Al and Ti, respectively
for different RN2 . For nitrogen free samples, the
average grain size is about 9 nm (see table I) which
increases slightly to 11.3 nm with Ti addition and
10.3 nm with Al addition. At RN2= 5%, the grain
sizes decreases slightly both with Al or Ti additions.
At RN2= 10%, the grain sizes decrease appreciably
to about 4 nm. The positions of Bragg peaks shift
to lower-angle side when RN2 is increased from 0-
10% although the basic structure remains same.
This happens as nitrogen atoms occupy interstitial
sites within the bcc unit cell. The lattice parameter
(a) can be calculated for (110) peak and is plotted
in fig. 2 (d). As can be seen here with Al or Ti ad-
ditions a increases more significantly. The reasons
for such behaviour will be discussed later in section
IV.
(ii) For RN2= 15 and 20%, amoprhous phase are ob-
tained and here no appreciable effect of Al or Ti
addition can be seen in the XRD pattern.
(iii) For RN2between 25-35%, the results are similar to
Fe-N case where ǫ − Fe3−xN compounds are ob-
tained. However at RN2= 40 and 50% , the results
are markedly different. With Ti addition as can be
seen in fig. 2 (b) a new phase start appearing for
RN2= 40%, where as with Al addition this phase
is visible only at RN2= 50%. This new phase can
be indexed as γ′′′-FeN (confirmed with CEMS mea-
surements shown later) which is iron mononitride
and generally formed when iron targets are sput-
tered using 100% nitrogen.5,44,45 Formation of this
high nitrogen phase with Al or Ti addition can be
understood with an enhancement of nitrogen incor-
poration. Although γ′′′-FeN phase can be obtained
when sputtered only with nitrogen as sputtering
gas, formation of this phase with a 50% Ar+50%N2
mixture with Al or Ti addition is interesting as
deposition rates will much higher as compred to
the case when sputtering is done using N2 alone
as sputtering gas. The γ′′′-FeN phase has lowest
heat of formation (-47 kJ mol−1) therefore due to
enhancement of nitrogen by adding Ti or Al in Fe
results in formation of γ′′′-FeN phase. These results
will be discussed in detail in section IV.
B. Polarized neutron reflectivity measurements
Polarized neutron reflectivity (PNR) is a technique
which is able to yield the absolute value of magnetic
moment per atom in a magnetic thin film with high
accuracy.46 In contrast to bulk magnetization magne-
tometer technique (e.g. DC extraction, VSM or SQUID),
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FIG. 3. (Color online) Polarized neutron reflectivity of Fe-N
(a) Fe0.98Ti0.02 -N (b) and Fe0.98Al0.02 -N (c) samples as a
function of nitrogen partial pressure. The scattered points
correspond to experimental data and solid lines are fit to
them. The reflectivity pattern are vertically shifted for clar-
ity. A decay of magnetic moment for Fe-N, Fe0.98Al0.02 -N
and Fe0.98Ti0.02 -N samples with different RN2 is shown in (d).
Here scattered points are measured data and solids line are
guide to eye.
no correction due to diamagnetic signal from the sub-
strate has to be applied in PNR. Further, the samples
dimensions and mass does not play any role in determi-
nation of magnetic moment. During the experiment, po-
larized neutrons with spin parallel or antiparallel to the
direction of magnetization on the sample are reflected-off
the surface of the sample at grazing incidence. The mea-
surements were performed with an applied field of 800Oe,
which is sufficient to reach the saturation magnetization
in all the samples.
Figure 3 shows PNR pattern of Fe-N, Fe0.98Ti0.02 -
N and Fe0.98Al0.02 -N samples prepared using different
RN2 . As the amount of nitrogen partial pressure is in-
creased, the critical edge in spin down reflectivity (R−)
shows a shift towards higher qz values, and the separa-
tion between R+ and R− reflectivities decreases continu-
ously. For Fe-N samples R+ and R− converge for RN2=
35% , whereas in case of Fe0.98Al0.02 -N and Fe0.98Ti0.02 -
N samples the two reflectivities converge at 30%.
The difference between spin up and down reflectivi-
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FIG. 4. (Color online) Magnetization measurements of Fe-N
(a), Fe0.98Ti0.02 -N(b) and Fe0.98Al0.02 -N(c) thin films pre-
pared using RN2= 0, 5, and 10%. A variation of coercivity
as a function of RN2(d). Here scattered points correspond to
experimental data and solid line are guide to eye.
ties is a measure of magnetic moment. The PNR profiles
were fitted using a computer program47 based on Par-
ratt’s formulism.48 The obtained values of iron magnetic
moment (µB) per atom are plotted in fig. 3(d) as a func-
tion of RN2 . As can be seen here, the magnetic moment
decays as nitrogen is added is the system. Up to RN2=
10%, this decay is faster when Al or Ti are not added.
However, for RN2≥ 20%, the decay in magnetic moment
is faster with addition of Al or Ti. This result can be un-
derstood in terms of formation of Fe-N bonds which are
readily formed when additives Al or Ti are not added.
As discussed later in section IV, with Al or Ti addition
nitrogen essentially interacts with Al or Ti and therefore
the magnetic moment of Fe does not decay as fast as it
will be when Al or Ti are not added. When RN2 is fur-
ther increased the total amount of nitrogen that can be
added into the system is much exceeds due to interaction
of Al or Ti with nitrogen. This leads to a faster loss of
magnetization in samples prepared with Al or Ti addi-
tion for RN2≥ 15%. When RN2exceeds 30%, the spin up
and down reflectivities remain identical indicating that
samples are not ferromagnetic.
C. Magnetization measurements
The magnetization measurements on different samples
were carried out using a SQUID magnetometer. Fig. 4
shows normalized M-H loops for Fe-N, Fe0.98Ti0.02 -N
6and Fe0.98Al0.02 -N samples prepared using RN2= 0, 5
and 10. The obtained values of coercivity (Hc) are plot-
ted in fig. 4 (d). For nitrogen free samples, the value of
Hc for Fe thin film is about 30Oe, which decreases to
about 17Oe, when Al or Ti added. When sputtered us-
ing 5% nitrogen, Hc decreases to about 10Oe. It may be
noted that when sputtered using 5% nitrogen the average
grain decreases (see table I). A reduction in grain size be-
low ferromagnetic exchange length allows exchange cou-
pling between the neighboring grains and results in a re-
duced effective anisotropy.5,49,50 The results obtained for
the samples which were prepared using RN2= 10% are
very interesting. For the sample prepared without Al or
Ti additions, Hc increases significantly to 170Oe whereas
the samples prepared using Al or Ti it further decreases
to about 5Oe. As can be seen from fig. 3(d), the mag-
netic moment decreases rather slowly with Al or Ti ad-
ditions. Therefore with Al or Ti additions, soft-magnetic
properties can be improved. The obtained results can
be understood in terms of structural changes caused by
reactive sputtering. When Fe was sputtered with 10% ni-
trogen, formation of non-magnetic Fe-N covalent bonds
may introduce large anisotropy in the system as reported
in literature.5 Whereas in presence of Al or Ti alloying
elements, nitrogen predominantly interacts with these
alloying elements and due to formation of finer grain
nanocrystalline structure, the coercivity decreases fur-
ther.
TABLE II. Conversion electron Mo¨ssbauer spectroscopy pa-
rameters: isomer shift (IS), quadrupole shift (QS) and rela-
tive area (RA) for Fe-N, Fe0.98Ti0.02 -N and Fe0.98Al0.02 -N
samples prepared with RN2= 50% nitrogen.
Parameter Fe-N Fe0.98Ti0.02 -N Fe0.98Al0.02 -N
IS1 (± 0.02) 0.45 0.01 0.1
IS2 (± 0.02) 0.38 0.64 0.66
QS1 (± 0.04) 0.25 – –
QS2 (± 0.04) 0.50 – –
RA1 (± 3%) 63 54 62
RA2 (± 3%) 37 38 46
D. Conversion electron Mo¨ssbauer spectroscopy
measurements
From XRD measurements we observed that at the
highest nitrogen partial pressure used in this work, new
phases of Fe-N are obtained with Al or Ti addition.
Therefore in order to understand the phase formed with
Al or Ti addition, we performed conversion electron
Mo¨ssbauer spectroscopy (CEMS) measurements in the
samples prepared using RN2= 50%. The measurements
were first performed with velocity of the drive between
±8.5mms−1, which is sufficient to cover all resonance
lines of magnetic Fe. Fig. 5 shows the CEMS pattern
corresponding to Fe-N, Fe0.98Al0.02 -N and Fe0.98Ti0.02 -
 exp.
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FIG. 5. (Colour online) Conversion electron Mo¨ssbauer spec-
troscopy measurements on Fe-N (a), Fe0.98Al0.02 -N (b) and
Fe0.98Ti0.02 -N (c) and samples prepared using RN2= 50%.
Inset shows CEMS pattern of samples prepared with 57Fe
and recorded at a reduced velocity for Fe-N (a1) and for
Fe0.98Ti0.02 -N (c1).
N samples prepared with 50 at.% of RN2 . The CEMS
pattern of the Fe-N samples was found to have asymmet-
ric doublets and no magnetic lines can be seen. In order
to get precise information about the samples we prepared
Fe-N and Fe0.98Ti0.02 -N samples using
57Fe enrichment
and the CEMS measurements were performed with a re-
duced drive velocity between ±2mms−1 to get better
CEMS data. The inset of fig. 5 shows CEMS pattern
of 57Fe-N and 57Fe0.98Ti0.02 -N samples. The patterns
with Ti addition are clearly different. From XRD results
we find that the Fe-N phase formed has ǫ−Fe3−xN type
structure. Therefore in order to fit the observed symmet-
ric doublets we deconvoluted it into two doublets corre-
sponding to Fe-III and Fe-II sites. The fitted parameters
are given in table II. These value matches well with re-
ported values for ǫ − Fe3−xN and using the relative area
ratio, we obtain the value of x = 0.72 following a proce-
dure given in ref.[51]. This gives the composition of the
sample as ǫ− Fe2.28N .
On the other hand CEMS pattern of samples prepared
with Al or Ti addition were different as compared to a
7sample prepared without such additions. Here it was
found that the CEMS pattern is rather more asymmetric.
The XRD pattern also revealed that the crystal structure
is completely different and correspond to ZnS-type fcc
structure. The phase identified was a monoatomic iron
nitride having 1:1 atomic ratio Fe and N. As described in
the literature, fitting of such patterns can be done con-
sidering two singlets. The fitted parameters are given
in table II and match well with the reported values.45,52
Here the singlets with almost zero value of isomer shift
corresponds to Fe coordinated tetrahedrally with four N
atoms and singlets with higher value of isomer shift cor-
responds to defects or vacancies. Therefore it can be
seen that with Al or Ti addition Fe-N phase having more
nitrogen can be obtained.
In an earlier work Liu et al22 investigated CEMS pat-
tern of Fe-Al-N thin films prepared using 2 at.% Al in
a wide RN2range. In their XRD pattern they also ob-
served a peak around 2θ ≈34degree, but they identified
it as a “signature of Si3N4”. The CEMS pattern of this
phase not presented and most probably they overlooked
the formation of iron mononitride phase.
IV. DISCUSSION
Combining our results obtained from different exper-
imental techniques, we investigate a mechanism lead-
ing to formation of iron nitride phases with small ad-
dition of Al and Ti. We will first focus on the sam-
ples prepared with highest RN2 i.e. 50%. Here XRD and
CEMS results clearly show that ǫ−Fe2.28N having about
30 at.% N is formed when additional element X is not
added. Whereas with Al or Ti addition γ′′′-Fe-N phase
having about 50 at.% N is obtained. Clearly with Al or
Ti addition more nitrogen can be incorporated in iron
nitride even though the amount of reactive nitrogen used
during sputtering process remains the same. It can also
be seen from XRD pattern that high-N γ′′′-Fe-N phase
already start appearing at RN2=40%when Ti is added
where with Al addition only ǫ−Fe3−xN is obtained. This
indicates that in Ti addition is more effective than Al in
increasing nitrogen content in Fe-N. This behavior can
also be observed in the PNR data where the magnetic
moment falls-off more rapidly with Ti addition as com-
pared to Al addition for RN2≥15%.
As mentioned before, the atomic radii of Fe is larger
than Al but smaller than Ti. Therefore if small amount
of Al or Ti is getting substitutionally dissolved in Fe, it
is expected that Ti addition should expand the unit cell
of Fe while Al addition may not be able todo so. From
the XRD measurements performed on samples prepared
without reactive nitrogen, we find that the lattice pa-
rameter (a) with Ti addition is 2.853 A˚ whereas with Al
addition it is 2.849 A˚. The experimentally obtained value
of a for pure Fe sample is 2.849 A˚. Therefore it appears
that Ti addition is expanding the unit cell slightly while
Al addition is shrinking it slightly. Such a small changes
has been reported in literature with addition of element
X.19 A schematic representation of this scenario can be
understood from fig. 6. With this argument alone we ex-
pect that Ti addition should result in incorporation of
more nitrogen atoms due to expansion in the unit cell as
evidenced in earlier works.25 However formation of nearly
equiatomic iron mononitride phase with Al addition can
not be understood with this argument as the unit cell of
Fe is actually shrinking with Al addition. In addition the
expansion in unit cell is very small with Ti addition to
cause such an increase in N at.% . Therefore distortion
in the unit cell caused by Al or Ti addition may not give
rise to such a prodigious changes as observed in RN2=
50% samples.
In order to understand the observed results the affinity
of element X to N and the heat of formation of nitrides
should be looked into. In ternary Fe-X-N systems the
affinity between element X and N has been defined with
an interaction parameter eXN
15. The reported values of
values eXN for Ti and Al are (-0.63) and (+0.0025), respec-
tively. It may be noted that these values are obtained at
2.851 Å 
2.849 Å 2.853 Å 
2.851 Å 
 Fe 
Al 
Ti 
FIG. 6. (Colour online) Schematic illustration of bcc-Fe unit
cell with Al and Ti additives getting substitutionally dis-
solved. The Fe-Fe, Fe-Al, and Fe-Ti distances are obtained
from XRD measurements.
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FIG. 7. X-ray diffraction pattern of Al-N (a) and Ti-N (b)
samples prepared using RN2= 10%.
8a temperature of about 1600 degree C and their conse-
quences during a sputtering process may be different.53
On the other hand the heat of formation of stoichiomet-
ric nitrides TiN is -337 kJ mol−1 and that of AlN is -320
kJ mol−1.32 These values are much larger as compared
to FeN which is -47 kJ mol−1.43 Therefore it is expected
that Ti or Al should be attracting more nitrogen as com-
pared to iron.
In order to determine the effect of reactive sputtering
on Al and Ti, we prepared a series of Al-N and Ti-N sam-
ples under identical deposition conditions. Here it would
be sufficient to compare the phases formed when Al or
Ti are sputtered using RN2= 10%. The XRD pattern of
Al-N and Ti-N samples prepared using RN2= 10% are
shown in fig. 7. Here we find that the peaks correspond-
ing to Ti-N matches well with reported values for TiN0.91
in JCPDS whereas in case of Al-N we find basically peaks
corresponding to fcc-Al. The width of the peaks is larger
as compared to pure Al (not shown). From these results
it is apparent that Ti is indded attracting more nitrogen
as compared to Al. In view of this we can understand for-
mation of nitrogen rich FeN phase already at RN2= 40%
with Ti addition whereas this phase shows up at RN2=
50% with Al addition. From fig. 2 (d) it is also clear that
as RN2 increases from 0-10% the lattice parameter of Fe
increases more with Ti addition than with Al addition.
In view of above discussion we can also understand the
variation in magnetic moment in the deposited samples
with RN2 .
V. CONCLUSION
In the present work we systematically deposited Fe-
N thin films using of small amount (2%) of Al or Ti
as additive elements at different nitrogen partial pres-
sures. When added in such a small amount Al or Ti
get substitutionally dissolved in Fe. Since Al or Ti have
more affinity to nitrogen as compared to Fe, nitrides of
Al or Ti are formed leading to an enhancement in nitro-
gen concentration in Fe-N. It was found that the affinity
to nitrogen is deterministic in overall nitrogen incorpora-
tion rather than the size of additive elements. This was
reflected in formation of non-magnetic iron mononitride
phases already at 50% nitrogen partial pressure which
is not possible in absence of additive elements.
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